(F153A), were constructed within the hydrophobic core of phage T4 lysozyme. The substitutions decreased the stability of the protein at pH 3.0 by different amounts, ranging from 2.7 kilocalories per mole (kcal mol-') for L46A and L121A to 5.0 kcal mol-1 for L99A. The double mutant L99A/F153A was also constructed and decreased in stability by 8 .3 kcal mol-1. The x-ray struc- tures of all of the variants were determined at high resolution. In every case, removal of the wild-type side chain allowed some of the surrounding atoms to move toward the vacated space but a cavity always remained, which ranged in volume from 24 cubic angstroms (A3)
IT IS GENERALLY AGREED THAT THE HYDROPHOBIC EFFECr IS the major factor in stabilizing the folded structures of globular proteins [see, for example, the recent reviews by Dill (1) and Sharp (2) ]. Until recently, it has also been generally agreed that the strength of the hydrophobic effect, that is, the energy of stabilization provided by the transfer ofhydrocarbon surfaces from solvent to the interior of a protein, is about 25 to be approximated by a constant term (-2.0 kcal mol-') plus a term that increases in proportion to the size of the cavity. The constant term is approximately equal to the transfer free energy of leucine relative to alanine as determined from partitioning between aqueous and organic solvents. The energy term that increases with the size of the cavity can be expressed either in terms of the cavity volume (24 to 33 cal molP' A-3) or in terms ofthe cavity surface area (20 cal mol' A-2). The results suggest how to reconcile a number of conflicting reports concerning the strength of the hydrophobic effect in proteins.
effect might be much greater. In a typical experiment, a hydrophobic residue within the core of a protein is substituted by a smaller hydrophobic residue and the resulting change in the stability of the folded versus the unfolded (or denatured) form of the protein is taken as a measure of the difference between the hydrophobic stabilization provided by the two amino acids. Such experiments carried out with different proteins (4) (5) (6) or at different sites within the same protein (7) have, however, given variable results. For example, Shortle et al. replaced each of the leucines in staphylococcal nuclease with alanine and found that the decrease in free energy of protein folding ranged from 1.6 to 5.8 kcal moll (7) . The latter value corresponds to stabilization of -80 cal mol-' A-2, a value about four times that estimated from solvent transfer experiments (3, (8) (9) (10) . The reason for this discrepancy has not been resolved and remains the subject of debate. A principal difficulty in addressing Table 1 . X-ray data collection and refinement statistics. Data were collected either by oscillation photography or with a Xuong-Hamlin area detector system. The cell dimensions of pseudo-wild-type lysozyme are a = b = 60. 9 Aand c = 96.8 A. Rmerg gives the agreement between intensities measured on different films (29) , R is the crystallographic residual giving the agreement between the refined structural model and the observed structure amplitudes, and Abond engt1, and Alfld 1 give the average deviations ofthe bond lengths and bond angles in the final refined model from "ideal" values. Ala, respectively (13) . This cysteine-free lysozyme has properties similar to the wild type but displays better reversibility in thermal denaturation experiments (13, 14) . The full identifications of these mutants are, for example, L46A/C54T/ C97A, but are referred to below as L46A, L99A, L118A, L121A, F153A, and L99A/F153A.
Methods for generation and purification of the mutants were as described (4, 15) . All of the proteins were judged to be at least 95 percent pure by the analytical reversed-phase high-performance liquid chromatography (HPLC) and SDS-polyacrylamide gel electrophoresis. Crystals were grown from -2.2 M phosphate solutions 10 JANUARY 1992 at pH -6.7 by batch or hanging drop methods (16) .
Prior to x-ray data collection, the crystals were equilibrated in a standard mother liquor containing 1.05 M K2HPO4, 1.26 M NaHPO4, 0.23 M NaCi, and 1.4 mM 2-mercaptoethanol at pH 6.7.
Procedures for data collection and crystallographic refinement (17) were similar to those used for other lysozyme mutants (18) . Essential statistics are summarized in Table 1 . Coordinates will be deposited in the Brookhaven Protein Data Bank.
Thermal unfolding experiments for all ofthe proteins were carried out in 0.025 M potassium chloride, 0.020 M potassium phosphate, pH 3.01, with an in-cell probe as previously described (19) . Protein concentrations were between 0.01 and 0.03 mg ml-' in all cases.
These conditions were chosen to optimize reversibility, which was greater than 95 percent except for the dual cavity mutant, L99A/ F153A, in which case it was 80 percent. In this buffer the dual cavity mutant was only -50 percent folded at room temperature and was unfolded for the greatest length of time during melting. Circular (Table 2 ). In the case ofthe dual mutant, the folded baseline was taken as that of WT*, the background in which these mutations were constructed. Results. The crystal structures of four representative single mutant proteins in the vicinity of the respective amino acid substitutions are shown in Fig. 1 . In each case the structure relaxes somewhat in response to the mutation, although the amount of C D M102 structural change differs significantly from case to case. Surrounding atoms tend to move slightly toward the space vacated by the removed side chain. Typically, these movements are a few tenths of an angstrom and are therefore better characterized as slight adjustments rather than repacking. Two extreme examples are provided by L99A and F153A. When Leu9 is replaced by Ala the structure hardly changes at all. The largest shifts are in atoms within the side chains ofVal87 and Tyr88, which shift, respectively, 0.4 A away from and 0.5 A toward the mutation site (Fig. IB) . The backbone atoms of residues 87 and 88 also move by -0.2 A. Other than this, the mutant and wild-type structures are virtually identical.
In contrast, when Phe'53 is replaced with so Ala the structural adjustments are substantially larger (Fig. ID) combination of those seen in the respective single mutants. Because mutant F153A has relatively large structural changes and L99A has very few changes, the structure of the double mutant is similar to that for F153A, except for the loss of the side-chain atoms of Leu99 (20) . In the case of L46A, The C81 atom of lle27 moves 0.6 A and some backbone atoms in the vicinity of residues 45 and 46 and 54 to 56 move up to 0.4 A (Fig. 1A) shown in Fig. 1, A 
liquid oil drop model of a protein interior in which the hydrophobic residues segregate themselves into a liquid-like cluster from which water and other polar groups are excluded. Rather, the core is seen to include some parts that are relatively rigid, and other parts that are more flexible, but not disordered. The protein structure does not remain completely invariant, but neither does it repack so as to fill the space vacated by the substituted amino acid. Side chains that contact the bulky residue in the parent structure usually, but not always, tend to move toward the cavity that is created when the bulky residue is removed. Maximal shifts of 0.4 to 1.0 A were observed but varied from case to case. Shifts in backbone atoms tended to be smaller (up to -0.6 A) than side-chain atoms, although in the case of F153A backbone shifts up to 1.0 A were observed. In every case a cavity remained in the mutant structure. As summarized in Table 3 , the size of this cavity varies substantially from case to case. In wild-type T4 lysozyme there is a cavity ("cavity I"), the center of which is within 3.5 to 4.5 A of Leu'9, Met'02, Phe144', Leu"8 Leu'21, Ser"17 and Leu'33 ( Fig. 1, B and C) . A second, somewhat smaller cavity (cavity II) also occurs in the vicinity of Leu121, Ala'30, Leu'33 and Phe'53. Leu99, LeU 18 Leu'21, Leu'33, and Phe'53 are five of the substituted residues. The effect ofthe mutations L99A, L1 18A, F153A, and the double mutant is to increase the size of this preexisting cavity (Table 3 ). In L121A and L133A, cavities I and II coalesce to form a single connected cavity. Mutant L46A simply creates a new cavity within the amino terminal domain (cavity III). In no case is there evidence to suggest that an ordered water molecule occupies the cavity that is created.
Another way to assess the consequences of a given mutation is to compare the size of the actual cavity in the mutant structure (Vc) with the cavity that would have been formed if the protein structure had remained exactly the same as in wild type. This model cavity volume (Vm<,de) is also included in Table 3 . In general V, is less than
Vmsdei, but in the case of L99A the volume of the resultant cavity is actually slightly greater (17 A3) than the model.
The changes in protein stability associated with the six cavitycreating mutations show substantial variation ( Table 2 ). The most destabilizing replacement was Leu99 -+ Ala, which decreased stability by 5 .0 kcal mol-'. The replacement of Leu4 with Ala was least destabilizing (2.7 kcal mol'-). This variability is very much in line with Leu --Ala replacements reported elsewhere (5, 7) .
It should be noticed in Table 3 These observations are consistent with the results noted for other 10 JANUARY 1992 mutant protein structures. In particular, mutant proteins can relax or adapt their structures to ameliorate the consequences of potentially destabilizing lesions (6, 18, (21) (22) (23) . Also, the most destabilizing replacements tend to occur in the most rigid parts of a protein structure (24) , presumably because in such cases it is energetically costly for the protein structure to adjust in response to the mutation. The relation between increase in cavity size associated with a given replacement and reduction in protein stability is shown in Fig.   2 . Five of the replacements are of the form Leu --Ala. We also included the Phe'53 -> Ala replacement because a Phe side chain is approximately the same size as a Leu and is expected to have approximately the same hydrophobic strength (9, 10) . In addition, we constructed the lysozyme variant Leul'53 and showed that its structure and thermal stability are similar to the Phe'53 protein (12) . Therefore, in this case we know that the Phe'53 -Ala result is similar to that which would be obtained in comparing the Leu'53 with the Ala'53 variant. The inclusion of the double mutant L99A/ F153A in Fig. 2 provides an example where the overall cavity volume is large (207 A3; equivalent to a 5.9 A cube) and the protein is quite unstable. We take this double mutant to be approximately representative of a protein in which two leucines have each been replaced with alanine.
Subject to these and other limitations (see below), Fig. 2 suggests that the decrease in protein stability associated with a Leu -> Ala replacement consists of a constant energy term of 1.9 kcal molp lus a second energy term that depends on the size of the cavity created by the substitution. The magnitude of the constant energy term agrees remarkably well with values of 1.7 to 1.9 kcal mol-1 for the difference in hydrophobicity of leucine and alanine estimated by transfer from water to ethanol (8) , octanol (9) , or N-methylacetamide (10) . A value of 1.9 kcal mol-[ for leucine relative to alanine Table 3 ). Fig. 2 suggests that the change in energy associated with the replacement of a buried leucine with an alanine consists of two parts. The first part is a constant and is presumed to depend only on the identities of the two amino acids being compared, in this instance Leu (or Phe) and Ala. Physically this energy term can be considered as the difference in energy required to desolvate (that is, transfer from solvent to protein interior) a leucine relative to an alanine. The second part of the change in protein stability associated with the Leu --Ala replacements (Fig. 2, A and B ) depends on the context within the three-dimensional structure and the way in which the protein structure adjusts in response to the substitution. Two extreme situations might exist. In one case a Leu --Ala replacement is constructed and the protein structure remains completely un- Table 3 . Size of the created cavities. Cavity volumes (VJ) and surface areas (Sc) were calculated from the refined coordinates of the different structures by using the program of Connolly (27) . The model cavity volume (Vmeid.), for example for L99A, was obtained by taking the coordinates for WT* lysozyme, truncating the Leu" coordinates to Ala, and calculating the volume of the resultant cavity assuming no change in structure. The cavity surface is the area swept out by a sphere of radius 1.2 A as it rolls over the cavity surface. The volume of the cavity is the volume contained within the changed (compare with L99A). In this situation the size of the created cavity is large and the mutant (Ala) this is the physical basis for the cavity-dependent part of the destabilization associated with cavity-creating mutants. Readjustments of the protein that reduce the size of the cavity presumably increase the overall compactness of the protein, add new van der Waals interaction energy, and so tend to restore protein stability.
With the limited set of data available at present it is not possible to make a meaningful distinction as to whether the energy associated with the creation of a cavity is better described by the dependence on volume ( Fig. 2A) or on surface area (Fig. 2B) . Numerically, the value of 20 cal mol' A-2 is roughly comparable with the values of 26 to 31 cal mol' A-2 for the creation of a cavity against surface tension in organic solvents such as ethanol, isopropanol, or hexane (26) .
It also should be noted that the calculation of cavity volume is nontrivial. We have estimated cavity volume and surface area by rolling a sphere of radius 1.2 A over the surface of the cavity (27) .
If the data shown in Fig. 2 are recalculated with a probe radius of 1.4 A, the slopes are essentially unchanged but, for both figures, the intercept increases to 2.1 kcal mol'1. A more fundamental problem is that there may be cavities or packing defects in the wild-type structure adjacent to the mutated residue that are too small to be detected by the 1.2 A probe (28) . The volume of such cavities can be estimated as (Vmdcl -Vside chain), where V..d,. is as defined previously (see Table 3 ) and Vside chain is the volume of the side chain that is removed (47.8 to 48.6 A3 for the Leu --Ala replacements; 78.9 A3 for Phe'53 -* Ala). Thus, the increase in cavity volume associated with each mutant can be estimated as (Vc -Vod5l + Vside chain). Replotting Fig. 2A Fig. 2A assumes that the effect of packing defects present in the wild-type structure in the vicinity of the substituted residue would cancel with defects introduced in the mutant structure. As well as questions concerning the best method to estimate cavity volume, there are other reasons to expect that the structure and stabilities of "cavitycreating" mutants would be modified by factors that have not been considered here. For example, the entropy cost of transferring the amino acid in question from solvent to the interior of the protein can vary from case to case. There is also the possibility that the residue being substituted may be under strain in the folded protein.
Effects of mutations on the unfolded protein might also be important. For these reasons one cannot anticipate that there would be a strict linear relation between AAG and cavity size. At best, one might expect a general trend, as seen in Fig. 2 . The hope, however, is that the overall principles suggested by the data in Fig. 2 would be supported by additional data and would provide a general framework within which to quantitate the strength of the hydrophobic effect and the energy cost of cavity creation in proteins.
